In hemodialysis patients, lower body mass index and weight loss have been associated with higher mortality rates, a phenomenon sometimes called the obesity paradox. This apparent paradox might be explained by loss of muscle mass. The authors thus examined the relation to mortality of changes in dry weight and changes in serum creatinine levels (a muscle-mass surrogate) in a cohort of 121,762 hemodialysis patients who were followed for up to 5 years (2001)(2002)(2003)(2004)(2005)(2006). In addition to conventional regression analyses, the authors conducted a ranking analysis of joint effects in which the sums and differences of the percentiles of change for the 2 measures in each patient were used as the regressors. Concordant with previous body mass index observations, lower body mass, lower muscle mass, weight loss, and serum creatinine decline were associated with higher death rates. Among patients with a discordant change, persons whose weight declined but whose serum creatinine levels increased had lower death rates than did those whose weight increased but whose serum creatinine level declined. A decline in serum creatinine appeared to be a stronger predictor of mortality than did weight loss. Assuming residual selection bias and confounding were not large, the present results suggest that a considerable proportion of the obesity paradox in dialysis patients might be explained by the amount of decline in muscle mass. body mass index; muscles; obesity; renal hemodialysis Abbreviations: BMI, body mass index; CKD, chronic kidney disease; Kt/V, clearance effect of dialysis dose.
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In hemodialysis patients, lower body mass index and weight loss have been associated with higher mortality rates, a phenomenon sometimes called the obesity paradox. This apparent paradox might be explained by loss of muscle mass. The authors thus examined the relation to mortality of changes in dry weight and changes in serum creatinine levels (a muscle-mass surrogate) in a cohort of 121,762 hemodialysis patients who were followed for up to 5 years (2001) (2002) (2003) (2004) (2005) (2006) . In addition to conventional regression analyses, the authors conducted a ranking analysis of joint effects in which the sums and differences of the percentiles of change for the 2 measures in each patient were used as the regressors. Concordant with previous body mass index observations, lower body mass, lower muscle mass, weight loss, and serum creatinine decline were associated with higher death rates. Among patients with a discordant change, persons whose weight declined but whose serum creatinine levels increased had lower death rates than did those whose weight increased but whose serum creatinine level declined. A decline in serum creatinine appeared to be a stronger predictor of mortality than did weight loss. Assuming residual selection bias and confounding were not large, the present results suggest that a considerable proportion of the obesity paradox in dialysis patients might be explained by the amount of decline in muscle mass.
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Overweight and obesity are risk factors for several chronic diseases, including chronic kidney disease (CKD) (1) . However, many epidemiologic studies have reported an inverse association between obesity and mortality rates in patients with CKD (2, 3) , with a higher body mass index (BMI, measured as weight (kg)/height (m) 2 ) associated with lower mortality rates and a lower BMI associated with higher mortality rates (4) . This obesity paradox has also been reported in patients with heart failure (5), coronary artery disease (6) , and chronic lung disease (7) , as well as in geriatric populations (8) . Other survival paradoxes in CKD patients include the blood pressure paradox (9) , the cholesterol paradox (10) , and the homocysteine paradox (11) ; high values of these cardiovascular risk factors have been associated with lower mortality rates in this population.
These survival paradoxes have also been referred to as reverse epidemiology of cardiovascular risk factors (12) and may have important implications for CKD patients. Over 400,000 US patients with terminal CKD require maintenance dialysis treatment at a cost of roughly $60,000 per year per patient and have an annual mortality rate of approximately 20%, mostly due to cardiovascular or infectious diseases (13) . Hence, although dialysis therapy is expected to be lifesaving, approximately 1 out of every 5 American dialysis patients dies each year, which translates to a 5-year survival rate of 33% (worse than that for most types of cancer) (13) .
Although the observed survival paradoxes might be due to residual confounding or survival-selection bias, the inverse relation between indices of body mass, such as BMI, and clinical outcome in CKD patients appears to be relatively consistent, and thus the 2 may share a direct biologic explanation. Unfortunately, most studies have not examined the relative contributions of fat and muscle mass or their changes for 2 reasons: 1) Assessing muscle mass requires elaborate tests of body composition, such as dual energy x-ray absorptiometry, total body computerized tomography, or magnetic resonance imaging, and is particularly difficult in large epidemiologic studies (14) and 2) there is collinearity among surrogates of body mass and composition, and hence conventional statistical methods are difficult to use in simultaneous analyses of these surrogates. Among biomarkers for muscle mass, serum creatinine is routinely measured, but its association with kidney function and meat intake may limit its utility (15) . Nonetheless, in CKD patients with minimal or no residual kidney function who undergo thrice-weekly maintenance hemodialysis treatment, serum creatinine concentration appears to be a useful surrogate for muscle mass, and changes in its moving average over time may represent parallel changes in skeletal muscle mass, assuming the patients have no changes in meat intake over time (16, 17) .
We examined mortality rates among these patients in relation to BMI and serum creatinine concentrations, as well as their changes over time, in a large and nationally representative cohort of hemodialysis patients over a 5-year period (2001-2006) using ranking percentiles of BMI and serum creatinine and their changes. Given that height remains consistent, BMI change is equivalent to weight change rescaled to reflect the patient's body size (18) . We hypothesized that weight gain in hemodialysis patients was associated with a reduced mortality rate, especially if it was associated with an increase in muscle mass, whereas weight loss due to sarcopenia was associated with an increased mortality rate. We used serum creatinine changes as surrogates for changes in muscle mass and analyzed BMI and creatinine using ranking scores to address concerns about the incommensurability of absolute biologic measures.
MATERIALS AND METHODS

Human subjects and data
We examined administrative data from July 1, 2001, to June 30, 2006 (for 20 consecutive calendar quarters) for all individuals with advanced renal failure who underwent hemodialysis treatment in one of the outpatient dialysis facilities of a US-based dialysis organization (DaVita Inc., El Segundo, California). The creation and analyses of this 5-year, nonconcurrent dynamic cohort of hemodialysis patients have been described previously (19) . To minimize measurement variability and to dilute the influence of short-term variation in dietary and fluid intakes on weight or laboratory measurements, we averaged all repeated measures for each patient during any given calendar quarter (i.e., over 13 consecutive weeks or 3 months). The study was approved by the relevant institutional review committees. The requirement for a written consent form was exempted because of the large number and anonymity of the patients studied and the nonintrusive nature of the research.
Hemodialysis treatment
Dialysis vintage was defined as the duration of time between a patient's first day of dialysis treatment and the day that patient entered the cohort. The first (baseline) study quarter for each patient was the calendar quarter in which the patient's vintage was 90 days or longer by the middle of that quarter. The administered dialysis dose was measured by single-pooled clearance effect of dialysis dose (Kt/V) using urea kinetic modeling equations that have been described elsewhere (20) .
Dry weight and BMI
We averaged up to 39 weight values measured in the dialysis clinic at the end of each thrice-weekly hemodialysis treatment using a standardized scale (Seca Digital Scale, Seca North America, Hanover, MD) to determine the posthemodialysis dry weight for each hemodialysis patient during each calendar quarter. At least one height value during the entire follow-up period was needed to calculate the average BMI in each calendar quarter.
Laboratory values
Blood samples were collected before dialysis with the exception of postdialysis serum urea nitrogen, which was obtained to calculate urea kinetics. Blood samples were drawn using uniform techniques in all dialysis clinics and were transported within 24 hours to a single laboratory center (DaVita, Inc., Laboratory, Deland, Florida), where the laboratory values were measured using automated and standardized methods. Most laboratory values were measured monthly, including serum creatinine, urea, albumin, calcium, phosphorus, bicarbonate, alkaline phosphatase, and total iron binding capacity. Serum ferritin and intact parathyroid hormone levels were measured at least quarterly. Hemoglobin was measured weekly to biweekly in most patients.
Serum creatinine as a muscle-mass surrogate As described recently in the Appendix of our earlier study (19) , to validate the association between serum creatinine concentration and lean body mass (which includes skeletal muscle), we carried out a substudy within the Nutritional and Inflammatory Evaluation in Dialysis Study (21, 22) . A total of 747 randomly selected hemodialysis patients from 8 dialysis clinics in the Los Angeles South Bay area underwent body composition assessment tests via near-infrared interactance and dual energy x-ray absorptiometry (14) (see Nutritional and Inflammatory Evaluation in Dialysis Study website at http://www.NIEDstudy.org and prior studies (21, 22) for more details). To mitigate the influence of Kt/V variation on prehemodialysis creatinine concentrations, we adjusted serum creatinine values for Kt/V using a Kt/V value of 1.5 (mean Kt/V in our cohort) via the following equation (using serum creatinine and Kt/V values from the same monthly blood draw in each patient):
Composite ranking scores
We ranked patients over 2 consecutive calendar quarters with respect to: 1) change in BMI determined using weight from quarterly averages of up to 39 thrice-weekly measured postdialysis dry weights and 2) change in 3-month averaged Kt/V-adjusted serum creatinine values. The 2 change values were ranked as À100th to 0th percentiles for declines and 0th to 100th percentiles for increases. We then added and subtracted (creatinine plus/minus BMI) these 2 change scores for each patient to create 2 composite scores (a number between À200 and 200 for each subject). Our goal was to create simple, nearly uncorrelated rankings of body-composition change that could be examined simultaneously to distinguish influences of concordant and discordant changes in the surrogate body-composition measures. The sum reflects mostly joint declines below À100 and joint increases above 100, and thus its coefficient is most heavily influenced by patients with concordant changes. In reverse, the difference score reflects mostly discordant changes, with creatinine changes indicative of muscle loss predominant below À100 and weight increases predominant above 100. Table 1 shows selected examples of the change scores in weight and creatinine over time, their interpretations, and the derived composite scores.
Statistical methods
Using proportional hazards regression models with restricted cubic splines, we examined the relation to mortality of baseline BMI and Kt/V-adjusted serum creatinine. Such analyses assume that the variables have a multiplicative joint relation to the mortality rate. In an attempt to mitigate the impact of the regression to the mean for analyses of change in time, all models that examined change as a mortality predictor were also adjusted for baseline BMI or creatinine values. Because of the complexity of interpreting spline products and the high collinearity of our surrogates, we relied on our composite ranking analysis to examine joint changes in the latter surrogates. To get a simple initial idea of joint change effects, we also dichotomized changes in weight and serum creatinine values into decline versus increase, which produced 2 concordant groups (both decline or both increase) and 2 discordant groups (one declines, the other increases).
For each analysis, 3 models were examined based on the level of multivariate adjustment: 1) a minimally adjusted model that included death as the outcome, surrogates of body mass or composition (in either continuous or ordinal format), patient height, and entry calendar quarter (quarter 1 through quarter 20) as covariates; 2) case-mix adjusted models that included all of the above plus age, sex, diabetes mellitus, dialysis vintage, primary insurance, marital status, dialysis dose, and residual renal function during the entry quarter; and 3) malnutrition-inflammation-complex syndrome-adjusted models that included all of the covariates in the case-mix model as well as 10 surrogates of nutritional status and inflammation. These surrogates were serum albumin, serum total iron binding capacity, serum ferritin, serum phosphorus, a Rankings are according to the changes over 2 consecutive calendar quarters in body mass index and in 3-month averaged serum creatinine values adjusted for the clearance effect of dialysis dose. These change values were ranked as À100th to 0th percentiles for declines and 0th to 100th percentiles for increases over time. We then added and subtracted these change scores to create change sums and differences between À200 and 200 for each patient. serum calcium, serum bicarbonate, peripheral white blood cell count, lymphocyte percentage, hemoglobin, and normalized protein catabolic rate, which was an indicator of daily protein intake, also known as the normalized protein nitrogen appearance (23) . Patients who received kidney transplants, switched to peritoneal dialysis, or left DaVita clinics were censored at the time of the event. Missing covariate data (under 1% for most laboratory and demographic variables) were imputed as means or medians of recorded values. Most analyses were carried out using SAS, version 9.1 (SAS Institute, Inc., Cary, North Carolina). Survival analyses with cubic splines were carried out using Stata, version 10.1 (Stata Corporation LP, College Station, Texas).
RESULTS
The national cohort of the hemodialysis patients included 164,801 adult subjects. After we deleted those patients who did not maintain at least 45 days of thrice-weekly hemodialysis treatment during the base calendar quarter or those for whom we were missing core values (age, dialysis vintage, averaged dry weight, and at least 1 height value), 121,762 hemodialysis patients remained. These patients had a median follow-up time of 738 days. Table 2 shows the relevant demographic, clinical, and laboratory data of the studied patients according to the 5 categories of BMI: <20, 20-24.9, 25-29.9, 30-34.9, and !35. Older age was associated with a lower BMI. Black and Asian patients were overrepresented in the highest and lowest BMI groups, respectively. Baseline serum creatinine levels were incrementally higher across higher BMI groups, but this gradient was reduced after serum creatinine values were adjusted for Kt/V. Figure 1 shows that association of 3-month averaged baseline BMI and mortality rates in the 121,762 studied patients over 5 years using cubic splines. BMI exhibited a fairly monotonic association with reduced mortality rates, although the advantage of high BMI was reduced in ranges above 40. Nonetheless, no association of high BMI with increased mortality was observed. Figure 2 shows the association between the Kt/V-adjusted 3-month averaged predialysis creatinine level as the muscle-mass surrogate and 5-year mortality rates in 107,082 patients whose creatinine and Kt/V values for the entire first 3 months of the cohort were available. In sensitivity analyses, inclusion of the term created by multiplying BMI and creatinine resulted in similar associations with mortality for BMI and serum creatinine, even though the term had a significance of P < 0.001. Separate analyses of creatinine-death associations across BMI increments showed relations similar to those in Figure 2 (Web Figure 1 , available at http://aje.oxfordjournals.org/). Figures 3 and 4 show mortality rates by changes in BMI and serum creatinine level over the first 6 months of the cohort in 57,247 hemodialysis patients who survived through the first 2 calendar quarters of the study and for whom we had dry weight, creatinine, and Kt/V values for the 6 consecutive months after dialysis began. The demographic, clinical, and laboratory characteristics of this subcohort were similar to those of the parent cohort (data not shown). As shown in Figure 3 , weight loss, as reflected by a score away from the 0th percentile and toward the 100th percentile, was associated with higher death rates. A moderate gain in weight up to the 50th percentile, but not higher gains, tended to predict lower death rates. Changes in averaged serum creatinine levels appeared to have more symmetrical and monotonic associations with mortality, such that a decline or rise in creatinine level was associated with higher or lower risks of death, respectively, as shown in Figure 4 .
To further study the combined impact of changes in weight and creatinine, we examined the composite scores ( Figure 5 ). The correlation of the composite scores was 0.01 compared with a correlation of 0.28 for the original change scores from which they were computed. For the sums, the mortality rate was the highest among patients with the most extreme concurrent declines in both weight and serum creatinine and was lowest among patients with the most extreme concurrent increases ( Figure 5A ). Mortality consistently increased as the difference of changes declined below zero (representing a decline in creatinine not offset by weight gain; Figure 5B ). In contrast, the mortality rate appeared to have no consistent relation to the difference of changes as the latter increased above zero (representing a weight loss not offset by a creatinine gain; Figure 5B ).
DISCUSSION
In a large cohort of hemodialysis patients treated thrice weekly for up to 5 years in a large US-based dialysis organization, we confirmed that body mass (measured as 3-month averaged BMI) and creatinine levels (3-month averaged dialysis dose-adjusted creatinine concentrations, a surrogate for muscle mass) simultaneously predicted lower mortality rates even after extensive multivariate adjustment (including for measures of nutritional status and inflammation). In a subcohort of patients in whom change could be examined, weight decline and creatinine decline were both associated with an increased risk of death, and creatinine increase was associated with a reduced risk of death. Concordant changes in these 2 body composition surrogates also predicted mortality, but analyses of discordant combinations indicated that creatinine (and thus presumably muscle mass) had more impact on mortality in this cohort. )) over the first 6 months of the study in 57,247 hemodialysis patients who survived through the first 2 calendar quarters of the study and for whom posthemodialysis dry weight values for 6 consecutive months were available, 2001-2006. The y-axes show the rate ratios of all-cause mortality over 5 years based on the spline model, adjusted for case mix and malnutrition-inflammation-complex syndrome. Models were adjusted for age, sex, diabetes mellitus, dialysis vintage, primary insurance, marital status, dialysis dose, residual renal function, serum albumin, transferrin, ferritin, phosphorus, calcium, bicarbonate, peripheral white blood cell count, lymphocyte percentage, hemoglobin, and daily protein intake. Changes are ranked as À100th to 0th percentiles for decline and 0th to 100th percentiles for increases. Dashed lines are 95% pointwise confidence bands. Figure 4 . Association between mortality and changes in serum creatinine over the patients' first 6 months in the study in 58,201 hemodialysis patients who survived through the first 2 calendar quarters and for whom prehemodialysis serum creatinine values for 6 consecutive months were available, [2001] [2002] [2003] [2004] [2005] [2006] . The y-axes show the rate ratios of all-cause mortality over 5 years based on the spline model, adjusted for case mix and malnutrition-inflammation-complex syndrome. Models were adjusted for age, sex, diabetes mellitus, dialysis vintage, primary insurance, marital status, dialysis dose, residual renal function, serum albumin, transferrin, ferritin, phosphorus, calcium, bicarbonate, peripheral white blood cell count, lymphocyte percentage, hemoglobin, and daily protein intake. Changes are ranked as À100th to 0th percentiles for decline and 0th to 100th percentiles for increases. Dashed lines are 95% pointwise confidence bands.
Of the predictors of death in dialysis patients, markers of poor nutritional status were the strongest and most consistent (24) . Nutritional reserve may confer survival benefits to these patients, consistent with inverse associations of BMI with mortality (25) . We observed that both lower BMI, a partial surrogate of fat mass, and lower Kt/V-adjusted creatinine Figure 5 . Association of mortality with changes in dry weight (measured using body mass index (weight (kg)/height (m) 2 )) and serum creatinine over the first 6 months of the cohort in 50,831 hemodialysis patients. Each patient first received a percentile score between À100 and 100 according to the percentile rank of the change in dry weight or serum creatinine. The sum of scores resulted in a number between À200 and 200 (A), as did the difference (B). The y-axes show the rate ratios of all-cause mortality over 5 years based on the spline model, adjusted for case mix and malnutrition-inflammation-complex syndrome. Models were adjusted for age, sex, diabetes mellitus, dialysis vintage, primary insurance, marital status, dialysis dose, residual renal function, serum albumin, transferrin, ferritin, phosphorus, calcium, bicarbonate, peripheral white blood cell count, lymphocyte percentage, hemoglobin, and daily protein intake. Dashed lines are 95% pointwise confidence bands.
level, a surrogate for lower muscle mass, were associated with increased mortality. Declines in dry weight (as measured by BMI) and creatinine also predicted increased mortality. Results of our composite ranking score analyses suggested that higher muscle mass was a more important determinant of a lower mortality rate than was BMI, especially because BMI did not accurately capture the association of body composition with health outcomes (18) .
We used composite ranking score analyses to examine 2 collinear body composition measures. These measures can also be used for analyses of other collinear factors as often done in nutritional epidemiology, where the intake of certain favorable nutrients may be associated with simultaneous ingestion of deleterious nutrients, such as protein-rich diet that also includes a high phosphorus content. A recent example is dietary restriction to control serum phosphorus, which is routinely recommended for persons with CKD. This practice is associated with a reduction in protein intake and can lead to protein-energy wasting and increased mortality (23, 26) . We examined whether a decline in serum phosphorus with a concomitant decline in protein intake was associated with increased mortality in a cohort of 30,075 hemodialysis patients followed for 3 years (23). Higher baseline phosphorus levels and lower protein intake were associated with higher mortality rates, whereas patients whose serum phosphorus decreased but whose protein intake increased had a lower mortality rate than did persons whose serum phosphorus and protein intake both rose over time (23) . This suggests that the risk from controlling serum phosphorus by restricting dietary protein intake may outweigh the benefit of controlled phosphorus (23) .
A limitation of our study is the lack of direct lean muscle mass and body fat measurements. BMI is not an optimal surrogate of fat mass compared with more reliable measurements of visceral or intra-abdominal fat (which correlate with poor outcomes in renal failure) (27, 28) . We also did not have direct measurements of muscle mass, such as mid-arm muscle circumference (which is associated with survival in hemodialysis patients) (29, 30) , and thus had to rely on serum creatinine concentration as a surrogate for muscle mass. Serum creatinine appears to be a reasonable measure in patients without substantial urinary creatinine excretion (19) . In hemodialysis patients, however, residual urine usually declines over time; thus, with a stable dialysis dose, a rise in creatinine due to further loss in renal function should in theory be associated with worse outcomes. We observed the opposite, which suggests there may be an even larger role for muscle mass than our analysis indicated.
Strengths of our study include its use of uniform laboratory measurements, large sample size, time-averaged posthemodialysis dry weight and laboratory data, with most values representing means of up to 3 monthly measurements, and 5-year follow-up. Nonetheless, our study was based on prevalent dialysis patients, making it vulnerable to survivor bias, even though we adjusted for dialysis vintage. We preferred prevalent patients for this particular study because many incident dialysis patients could still have some residual renal function that rendered a part of serum creatinine variations a filtration marker rather than a muscle-mass surrogate.
Another limitation is the possibility that the results observed in the subcohorts were due in part or wholly to selection effects. Initial selection based on maintaining hemodialysis and having necessary data recorded resulted in selection of about three quarters of the national cohort for analysis. Of these, fewer than half survived the first 2 quarters and had follow-up information complete enough to be included in the change-score analyses. To some extent, any bias produced by these selection stages would have been controlled by covariate adjustment, but we have no way of evaluating the residual bias. We note, however, that for this residual bias to be of a given size, selection would have to have considerably larger associations with change and with mortality that were conditional on the adjustment for covariates. Liu et al. (10) recently found that a cholesterol paradox, a similar reverse epidemiology scenario, was more prominent in dialysis patients with chronic inflammation, who composed two thirds of their study population Although explicit measurements of inflammatory markers were not available in our cohort, adjustment for available surrogates of the malnutritioninflammation-complex syndrome produced similar associations. Additional studies with serial measurements of proinflammatory cytokines are needed to examine these interactions.
A limitation of all observational studies on this topic is the inability to definitively determine whether weight and muscle mass loss contribute directly to patient death or instead simply reflect poorer health status of patients (31) . Although this residual confounding by health status cannot be ruled out, it can be addressed at least in part by adjustment for covariates. Assuming that this confounding and survival selection were adequately controlled by our adjustments, our ranking analyses suggest that muscle mass may be more important than fat for explaining the obesity paradox among dialysis patients. Even if the observed associations are only due to confounding, they suggest that indicators of muscle mass can provide better identification of high-risk patients than can BMI alone. These data were presented in part at the American Society of Nephrology 42nd Annual Meeting and Scientific Exposition, October 27-31, 2009, San Diego, California.
